Abstract: Galium L. is one of the largest and most widespread genus of Rubiaceae, consisting of more than 650 species worldwide. Galium verum var. asiaticum (G. verum a.) is a perennial herbaceous and widely distributed in in Korea peninsula. On the other hand, Galium verum var. asiaticum for. pusillum (G. verum a.p.) is endemic to Korea, inhabiting only on high land of Mt. Halla of Jeju. G. verum a.p. appears to be a dwarfism of G. verum a. We wondered what physiological, environmental, or genetic factors rendered those two taxa morphologically differentiated. We found that G. verum a.p. shows a low activity of the cell proliferation and was not associated with responsiveness contents of auxin and gibberellins. In order to search for genetic factors involved, we carried out an mRNA differential display method using the ACPs, and isolated several different expression genes between the two taxa. We chose one of those genes, which encoded RADIALIS-like proteins: GvaRADL1 from G. verum a. and GvapRADL1 from G. verum a.p. We discuss the relevancy of the genetic variations in regard to the differential expression patterns of those genes and the differential growth patterns of the two variants.
Introduction
In order to understand adaptive differentiation of populations and species, evolutionary developmental (evodevo) biologists investigate the processes that create variations in growth and development of organisms, which ultimately contributes to ecophysiological and morphological diversities between different organisms (Ackerly et al. 2000; Haag & True 2001; Joron et al. 2006) . Plants exhibit a diverse array of ecological, physiological, and morphological characters, which affects their growth rate, reproductive competence, fitness in nature, and, consequently, adaptive evolution (Ackerly et al. 2000) . In the past two or so decades, regulatory networks of developmentally important genes have been shown to be conserved and involved in similar developmental events between different plant species (Haag & True 2001; Irish & Benfey 2004) . The advent of the whole genome sequencing techniques and functional genomics has accelerated our understanding of adaptive evolution by genetic variations. Several studies have successfully shown how the evo-devo approaches were able to associate genetic variations with inter-specific physiological and morphological differences (Irish & Benfey 2004; Alonso-Blanco et al. 2005) .
Apart from the inter-species comparisons, the evodevo researches have also focused on naturally occurring intra-species variations, and have started to harvest clues that link developmental genetic variations to adaptive changes, especially, by utilizing a wide range of ecotypes of the model plant Arabidopsis thaliana (hereafter, Arabidopsis; Alonso-Blanco et al. 2005; MitchellOlds & Schmitt 2006) . The first step for understanding of how developmental traits have influenced adaptive evolution is to identify relevant genetic variations between ecotypes. Evo-devo comparative genomics on intra-species has also been successfully performed by microarray analysis and the whole genome sequencing techniques as well as the quantitative trait locus analysis (Irish & Benfey 2004; Alonso-Blanco et al. 2005; Shindo et al. 2007 ). Despite such tools in hand, however, the evo-devo research on nonmodel plants is a daunting task as yet, primarily because genetic and genomic information on them is scarce. Furthermore, it is not always straightforward to secure such information with respect to the cost and benefit economy, since the nonmodels are usually not in a broad interest. The genus Galium L. is one of the largest and most widespread genus of Rubiaceae, with more than 650 species (Govaerts 2006) and is distributed in the tropics and subtropics worldwide (Ohwi 1965) . Most members of the genus are herbaceous annual or perennial plants and occur in steppes and mountain meadows (Ohwi 1965) . They have various morphological characters that are distinguished from those of other genera in Rubiaceae, such as leaf-like whorls and a rudimentary calyx (Ehrendorfer 1958) .
Galium genus of Korea peninsula comprises 9 sections, 14 species, 2 subspecies, 3 variations (Jeong 2011) . Among them, Galium verum var. asiaticum (briefly, G. verum a.) and Galium verum var. asiaticum for. pusillum (G. verum a.p.) belong to the section Galium, and are perennial herbaceous. G. verum a. is widely distributed throughout the cold and temperate regions in northern hemisphere as well as throughout Korea peninsula, including low land of Mt. Halla of its island Jeju. To the contrary, G. verum a.p. is endemic to Korea, inhabiting only on high land of Mt. Halla (Lee 2004; Jeong & Pak 2009 ). Those two taxa have erect shoots, and develop whorls of six or more leaves and inflorescences of branched panicles with white or yellow flowers and glabrous fruits ( Fig. 1 ; Lee 2004) . Recently, Jeong & Pak (2009) have determined that both taxa have the same numbers of somatic chromosomes, i.e., 2n = 44. An important difference in growth patterns of the two variants is that G. verum a.p. appears to be a dwarf variant of G. verum a., developing a short stem with small leaves ( Fig. 1 ; Lee 1996; Jeong & Pak 2009) . Judged from its specific habitat and dwarfism, therefore, G. verum a.p. seems to be an alpine ecotype of G. verum a.
With respect to the evo-devo study, it would be interesting to understand how growth and developmental patterns of the two closely related ecotypes of G. verum are modified and what genes underlie such growth modifications or ecological differences. In the present study, we, first, have characterized the different growth patterns of those two G. verum ecotypes, and have tried to address the second question by identifying differentially expressed genes (DEG). Through a differential display of mRNAs using an annealing control primer (ACP) system, we identified several genes whose expression is different depending on the ecotypes. Finally, we discuss their biological relevancy as well as benefits and weakness of our approach to the evo-devo research on the nonmodel plants.
Material and methods

Plant materials
Seeds of G. verum a. and G. verum a.p. were collected from Youngcheon-si in Kyungsangpook-Do in Korea peninsula and Mt. Halla in Jeju Island. Seeds were sterilized in 50% of a bleaching solution followed by 70% ethanol, and were stratified in water at 4
• C for 3 d, after which seeds were germinated on a wet filter paper at 23
• C. To guarantee an even growth, seeds that just protruded the radicle were transferred to wet soil (Mix5, Sunshine, USA), and were incubated in a growth room at 23
• C under a photoperiod of 16 h of light/8 h darkness.
Determination of leaf size and cellular parameters Mature leaves at the second lowest whorl of the primary stem were detached, and their areas and cellular parameters were determined according to the method of Lee et al. (2009) with a slight modification.
Hormone treatment and measurement of growth Plants at 30 d after germination were sprayed with 1 µM of indole-3-acetic acid (IAA) and 10 µM of gibberellic acid (GA3, Sigma-Aldrich, USA) for 10 d with 2 d intervals, after which length of the second lowest internode was measured.
RT-PCR and cDNA sequence analyses In order to clone genes that are differentially expressed in the two variants, we have adopted the ACP system (Hwang et al. 2003; see below) . Total RNAs were extracted with an RNA extraction kit (GE Healthcare, USA) that employed a removal step of genomic DNA by adding DNase I. Three µg of total RNA was reverse-transcribed by M-MLV reverse transcriptase and the dT-ACP1 primer according to the manufacturer's direction (Seegene, Korea). The first-stranded cDNA was used as a template for PCR using the dT-ACP2 primer in combination with arbitrary ACP primers. PCR conditions were as follows: 1 cycle of 94 • C for 5 min. PCR products were separated on a 1.2% agarose gel. After ethidium bromide staining, PCR products that are differentially amplified between G. verum a. and G. verum a.p. were purified and cloned into pGEMTeasy vector (Promega, USA). The nucleotide sequences of inserts were determined by sequencing with the T7 primer. The TBLASTn algorithm in the NCBI database was used to detect similarities between insert sequences and deposited sequences.
To confirm differential expression patterns of those genes, specific primers for the newly identified cDNAs were prepared (see Table 1 for nucleotide sequences) and used for a second round of RT-PCR analyses. To check the identical functionality of the gene-specific primers, genomic DNA from each variant was amplified with the same primer sets as used for RT-PCR. Genomic DNA was purified according to the method of Doyle & Doyle (1987) .
Cloning and analysis of genomic clones
To identify genomic DNA sequences corresponding to ACP70-1 cDNA (see below), genomic DNA from G. verum a. and G. verum a.p was amplified by PCR using the following primer set: 5'-TGAGGTCATTCAGACCAGT-3' and 5'-TGAAAGATGATTGCTCATCA-3'. The amplified DNA fragment was cloned into pGEM-Teasy vector, and their nucleotide sequences were determined.
Results
Comparison of growth patterns
In order to characterize growth patterns of G. verum a. and G. verum a.p., seedlings were grown in a growth room at 23
• C for 60 d. The alpine-type variant, G. verum a.p., looked like a dwarf type of G. verum a. in every aspect of growth parameters: a short stature and short leaves as well as poor roots (Fig. 1A, B) . The differential growth patterns of two variants in the growth room was similar to those of the variants growing in natural field (G.S.J, personal observation), indicating that the difference in the plant size is not due to different habitats i.e., low or high land, but due to genetic variations. Quantitative analysis reveals that the leaf area of G. verum a.p. was much smaller, only 30% over that of G. verum a., which was due to differences in both the length and width of leaf blades, albeit primarily due to difference in length (the leaf index, the ratio of leaf length to leaf width, was much bigger in G. verum a. than in G. verum a.p.; Figs. 1 and 2 ). To the contrary, the subepidermal mesophyll cells of G. verum a.p. leaves are 1.3-fold larger than those of G. verum a. (Fig. 1C, D and Fig. 2B ). However, cell numbers in a transverse line at a maximum width of G. verum a.p. leaves were only about 70% compared with that of G. verum a. Total cell numbers of G. verum a.p. leaves, calculated by dividing the leaf area by the cell area, were only a quarter of that of G. verum a. leaves. In short, the alpine-type variant, G. verum a.p., developed small leaf organs that consist of much less number of cells with a slightly larger size when compared with G. verum a.a.
Growth responsiveness to exogenous auxin and gibberellin As mentioned above, G. verum a.p. has a shorter stature than G. verum a. (Fig. 1) . We found that it was because G. verum a.p. developed only half a length of internodes compared with that of G. verum a. (Table 2). In general, internodal elongation is a primary physiological process that determines a final height of the plant stem, and, among plant hormones, auxin and gibberellins are major regulators of the process (Davies 2004) . To test the possibility that the dwarfism of G. verum a.p. may result from a defect in responsiveness to auxin or gibberellins, both variants were sprayed with 1 µM of IAA or 10 µM of GA 3 solution or with mock solution every the other day for 10 d. We found that both variants treated with IAA showed a significant increase in the internode length with the same extent of responsiveness, by 144% (Table 2) . Internodal elongation of both variants was also stimulated greatly and to the similar extent by exogenous treatment of GA 3 ( Table 2 ). The results indicate that the dwarfism of G. verum a.p. is not associated with any defects in responsiveness to auxin or gibberellins.
Screening for search of differentially expressed genes In order to understand the molecular basis that underlies the different growth patterns of both variants, we set out to search for DEGs by using the ACP system (Hwang et al. 2003) . cDNA was derived from total RNAs of the primary shoot apexes including emerging and young leaves, and was amplified by PCR with arbitrary ACP primer sets. Most of ACP primers produced an identical pattern of DNA amplification between G. verum a. and G. verum a.p., as the ACP44 primer did, whereas some primers showed differential patterns (Fig. 3) . Some PCR products are present only either in G. verum a. or G. verum a.p., while others is present in a higher level either in G. verum a. or G. verum a.p. Those PCR products were cloned into pGEM-Teasy vector, and the recombinant plasmid was introduced into Escherichia coli. When 10 colonies from each transformation were picked up for sequencing, we found that some PCR products contained two or more different kinds of cDNAs. Among them, cDNA clones in the majority of each cloning event were further an- (A) and G. verum a. p. (P). cDNA was derived from total RNAs by reverse transcription reactions and was used for PCR with the arbitrary ACP primers, as indicated on the top of gel images. PCR products in gel slices (arrowheads) were cloned into pGEM-Teasy vector. alyzed. In order to confirm the DEGs, we have prepared specific primer sets for each cDNA clone (Table 1), with which cDNAs were amplified again by PCR. The ACP44-1 clone showed an equal amount of expression in both variants and serves as a cDNA loading control (Fig. 4) . However, other clones showed differential expression patterns between two variants: ACP64-1 and ACP70-1 showed all-or-nothing patterns in either variant; ACP35-7, ACP88-1, and ACP103-2, slightly stronger in G. verum a.; the other three, similar to each other. When genomic DNAs was amplified with the same primer sets that were used for cDNA, no difference in the amplification efficiency was observed between two variants, indicating that the difference in the gene expression patterns was not due to a different efficiency of primer performance for two variants. In conclusion, the ACP64-1 and ACP70-1 clones are expressed exclusively in G. verum a.p. and G. verum a., respectively, and the ACP35-7, ACP88-1, and ACP103-2 are expressed slightly higher in G. verum a.a. than in G. verum a.a. The other three might be false positives in the screening procedure or we might miss the corresponding DEGs in the subsequent cloning steps.
ACP70-1 cDNA encodes a RADIALIS-like SAIT/MYB homolog Analysis of nucleotide sequences reveals that those clones encode proteins in various categories of biological functions (Table 3) . Since the ACP70-1 was exclusively expressed in G. verum a. and contains a fulllength coding sequence with a poly(A) tail, it was analyzed in more detail. Its deduced amino acid sequence showed a high similarity to RADIALIS (RAD) of Antirrhinum majus and RAD-like SANT/MYB (RSM) of Arabidopsis that act as transcription factors (Table 3 , Corley et al. 2005; Costa et al. 2005; Hamaguchi et al. 2008 ). Hence we re-named the ACP70-1 GvaRADL1 (G. verum asiaticum RADIALIS-LIKE1). GvaRADL1 protein consists of 73 amino acid residues, i.e., a little shorter than other homologs, but contains the conserved plant SANT/MYB DNA-binding domain as do the RAD and RSMs (Fig. 5A ), suggesting that it may act as a transcription factor as well. A cladogram re- Fig. 4 . RT-PCR determination of mRNA levels. cDNA was amplified with gene-specific primers. The marks A and P on the top of gel images indicate G. verum a. and G. verum a. p., respectively. The ACP44-1 serves as a cDNA loading control. Genomic DNA was amplified to verify the efficiency of gene-specific primers.
veals that GvaRADL1, together with RAD, belongs to the same subfamily as RSM1 and RSM2 do ( Fig. 5B ; Hamaguchi et al. 2008) .
To understand the molecular basis for the differential expression patterns of the GvaRADL1 gene, we isolated genomic sequences that correspond to the GvaRADL1 from both taxa by PCR amplification: the forward primer is against 5' end of the GvaRADL1 mRNA, and the reverse against the 3' untranslated region (UTR). The genomic nucleotide sequences of the GvaRADL1 from G. verum a. and the GvapRADL1 from G. verum a.p., are similar, in length, to each other (Fig. 5C ). Both genes have only one intron in the same position with a similar length, resulting in The plant SANT/MYB domain region was conserved and highlighted. The numbers in the end of each sequence indicate the number of amino acid residues. B -A cladogram was constructed with amino acid residues in the plant SANT/MYB domain. Another cladogram constructed with the whole residues also produced the same result (data not shown). C -Comparison of genomic structures of the GvaRADL1 and GvapRADL1. Intron nucleotides were in italics and demarcated with inverse triangles. Bold lines on the alignment indicates the translational start and stop codons; underlines, primer sites used for PCR amplification; asterisks, single nucleotide substitutions; highlighted regions, indels. D -Alignment of amino acid sequences of GvaRADL1 and GvapRADL1. Two amino acid substitutions were highlighted. GenBank accession numbers for the GvaRADL1 and GvapRADL1 are KC608992 and KC608993, respectively. two exons, i.e., the first long and the second short ones. In the meantime, they showed many nucleotide polymorphisms: 29 single nucleotide substitutions and 5 indels. Interestingly, all of the indels were found only in intron, and the single substitutions were mainly in intron and the 3' UTR. The single substitutions in the first exon did not disrupt the open reading frame of the GvapRADL1, resulting in an intact GvapRADL1 pro-tein of 73 amino acids, and, consequently, the amino acid sequences of GvaRADL1 and GvapRADL1 proteins were different only in two positions (Fig. 5D , highlighted). It should be noted, however, that the GvapRADL1 gene is not expressed in G. verum a.p. (Fig. 4) , indicating that the GvapRADL1 gene is not functional and, thus, that GvapRADL1 protein exist only theoretically.
Discussion
We have characterized the growth and developmental patterns of two closely related variants of G. verum, and found that G. verum a. is different from its alpine, dwarf variant, G. verum a.p., in both morphological and cellular levels. G. verum a.p. plants were not able to grow as large as G. verum a. did, even in the growthfavorable condition, as they did in its specific habitat (Figs 1 and 2 ; G.S.J, personal observation). The short leaves of G. verum a.p. are primarily due to a shortage of the cell proliferation along the leaf-length direction. The short height of G. verum a.p. stems is due to short internodes (Table 2) , which might also be due to a low activity of the cell proliferation along the longitudinal axis of internodes, although we can not rule out the possibility of a low elongation activity of the intermodal cells. The shortness of internodes was not due to a lack of responsiveness to auxin and gibberellins (Table 2), and it is also conceivable that the dwarfism of G. verum a.p. may not be due to a shortage of the endogenous contents of auxin and gibberellins, since exogenous application of those hormones was not able to recover the final length of G. verum a.p. internodes to the extent of G. verum a.a. internodes ( Table 2 ). Given that the alpine variant inhabits only in the high land of Mt. Halla with an incessant exposure to wind, its dwarfism may be an adaptive advantage in surviving wind damage and, thus, to render the variant specialized into an ecotype of such a specific habitat.
One of our primary goals of this study was to examine what variations in genome constitutions of both ecotypes may contribute to the growth modifications or ecological differences. Transcriptome profiling is important for identifying DEGs and enables us to elucidate genetic networks that underlie the differential growth patterns. The microarray analysis and the whole genome sequencing techniques are currently the first choice in identifying DEGs and in comparing genomic variations between intra-species or ecolophysiological subtypes. However, most of small laboratories that specializes in taxonomy and systematics of nonmodel plants have a difficulty in utilizing the advanced techniques in regard to the cost and benefit economy as well as to lack of genetic information. In order to overcome the limitations, we adopted an mRNA differential display method using the ACP primers that provided an efficient tool with respect to accuracy, reproducibility, and cost (Hwang et al. 2003) . The ACP system has been successfully utilized to identify DEGs in various plants: Manickavelu et al. (2009) identified candidate DEGs for the Kr1 gene, which regulated the cross ability barrier mechanism of the bread wheat, Triticum aestivum L.; Park et al. (2009) , rice DEGs responsive to abiotic stresses; Malada et al. (2012) , Arabidopsis DEGs responsive to lipopolysaccharides of the cell wall of a Gram-negative bacteriaum, Burkholderia cepacia. Park et al. (2010) also adopted the ACP system and isolated many DEGs from the flower buds of two different orchid species, Calanthe discolor and C. sieboldii. However, the authors did not attempt to isolate genomic sequences corresponding to DEGs, which might have shed lights on understanding of their differential expression patterns. Here in this approach using the ACP system, we have identified several genes whose expression is differentially regulated between G. verum a. and G. verum a.p. (with more ACP primers and more extensive cloning effort, we might have identified more DEGs). Among others, the GvaRADL1 gene was studied in more detail. Based on the GvaRADL1 cDNA, we isolated genomic sequences from both ecotypes that are highly divergent due to the presence of many single nucleotide substitutions and indels. Interestingly, two short insertions (28 and 8 bp) were found only in the GvapRADL1, raising the possibility that they might be, at least in part, a cause to the non-functionality of the GvapRADL1 gene. It is also probable, however, that a primary cause to its non-functionality may lie in its promoter region. Therefore, identification of the promoter sequences of both GvaRADL1 and GvapRADL1 genes is a prerequisite for understanding of the nonfunctionality of the GvapRADL1 and, ultimately, of an ecophysiological significance of the genetic variantion. Although the task remains to be done in the future, it is conceivable that this type of approach can be applied to other DEGs and will shed lights on understanding of their differential expression patterns and variations in genetic networks of both ecotypes.
A loss-of-function mutation of the RAD gene transforms the asymmetric floral morphology of Antirrhinum majus to a radial symmetry, and the RAD may be involved in a genetic pathway consisting of the TCP (TB1/CYC1/PCF) transcription factors, CY-CLOIDEA and DICHOTOMA (Corley et al. 2005; Costa et al. 2005) . On the other hand, the Arabidopsis RSM1, another close homolog of the GvaRADL1, has been suggested that it may be implicated in HOOKLESS1-mediated auxin signaling in the early photomorphogenesis (Hamaguchi et al. 2008 ). Therefore, it would be interesting to investigate whether or not the GvaRADL1 is associated with such developmental processes. Unfortunately, however, there is no suitable way, at present, to assess a developmental significance of such genetic variantions displayed by the two ecotypes, since the nonmodels are not amenable to genetic manipulation, which is, in general, the most challenging problem in the evo-devo studies. Nonetheless, we believe that, combined with a long-term and extensive molecular genetic approach, the low land and alpine ecotypes could serve as an excellent experimental platform in which one could elucidate the molecular genetic variations leading to the differential growth and ecophysiological adaptation.
